Thermal and hydraulic characteristics of turbulent nanofluid flow in a semicircle zigzag corrugated channel are numerically investigated by implementing the finite volume method (FVM) to describe the governing equations. Adiabatic condition for the straight walls, constant heat flux for the corrugated walls, and zigzag configuration of semicircle corrugated channel was examined. The performance of a semicircle zigzag corrugated channel with four types of nanofluids (ZnO, Al2O3, CuO, and SiO2), with four various nanoparticle volume fractions of 2%, 4%, 6% and 8% using water as base fluid is thoroughly analyzed and discussed. The nanoparticles diameter, another parameter taken into consideration, varied from 20 to 80 nm. Results show that the zigzag profile of semicircle corrugated channel has a great impact on the thermal performance compared with flat profile. The Nusselt number dropped as the nanoparticle diameter grew; however, it grew as the volume fraction of nanoparticles and Reynolds number increased. In addition, semicircle corrugated channel shows improvement in heat transfer of 1.5-2.7 times better than flat channel, with increase in the average Nusselt number of 170%. The present investigation uncovers that these semicircle zigzag corrugated channels have favorable circumstances by utilizing nanofluids, which leads to promote the thermal performance of thermal devices and make it more compact.
INTRODUCTION
In recent years, many industries have a strong need to achieve higher thermal performance in order to gain high efficiency, reduce the cost and weight, and minimize the size of heat exchangers. In this context, the corrugated surface can be used as an alternative to the flat surface. One of the most important benefits for using corrugated channels includes reducing the thermal boundary layer thickness of the heat exchange surfaces. Therefore, the geometry of corrugated surface is considered as an efficient way to upgrade the heat transfer in these devices due to the appearance of the secondary flow regions in trough of corrugated channel which lead to improve the blending of the fluid medium and maximize the heat transfer exchange.
On the coolant side, the poor thermal properties of the conventional fluid are the main impediment for improving the efficiency of heat exchangers. In order to cope with these limitations, introduction of nanoparticles in a conventional fluid can be considered to jack up heat transfer abilities of these fluids. The component that produces (nanofluids) will have improved heat transfer capabilities, even with a small particle percentage. Many researchers have detected that the nanofluids are superior to the conventional fluids due to their efficient thermal performance [1] [2] [3] [4] [5] . For the purpose of examining the thermal performance of conventional fluids in corrugated channels, many studies have been conducted under various flow regimes.
To compare the thermal and hydraulic characteristics between a flat and corrugated channel, a numerical study was conducted under laminar condition by Fabbri [6] . The corrugated channel in this study consists of a smooth surface and a corrugated surface. The performance of heat transfer for the straight channel was 30% less than that in the corrugated channel while a 10% drop in pressure drop was observed, which the author attributed to the impact of Reynolds and Prandtl numbers.
Another numerical investigation about the thermal and hydraulic characteristics of the wavy channel was done by Bahaidarah et al. [7] . The investigation was carried out across 24 to 400 Reynolds numbers and Prandtl number was 0.7. The study was carried out by using the sinusoidal and arcshaped as a geometric parameter. Both channel configurations showed that the increase in Re leads to increase Nu. Also, arc-shaped channel was highest in the ∆p compared to the sinusoidal channel. Amiri [8] numerically studied the fluid flow in the branched channels. Two types ofprogram and the k-model. The outcomes proved that the corrugated surface had an efficient impact on heat transfer enhancement. The impacts of the entrance region in terms of heat transfer enhancement and flow behavior through a symmetric wavy-channel was numerically conducted by Mohamed et al. [12] . The amplitude of the surface was range of 0-0.5, while Reynolds number ranged between 100-1500. They indicated that the Nu and the shear stress rise by increasing the Re and highest values appearing in the entrance zone.
Elshafei et al. [13] examined the turbulent flow characteristics and heat transfer through corrugated channels experimentally. The study utilized constant temperature condition over Re range of 3220-9420. The geometrical configurations were varied by changing the channel spacing and the alignment of the opposing corrugated surfaces (phase shifts). The outcomes proved that the heat transfer enhancement was greatly affected by using the corrugated surface. For the same purpose, Islamoglu and Parmaksizoglu [14] conducted an experimental work in order to examine the influence of corrugated channel height in terms of heat transfer enhancement and air flow behavior through a triangular corrugated channel. Over a Reynolds number range of 1200-4000 with air as working fluid, the HTC and were evaluated for channel heights of 5 and 10 mm with the angle of the corrugation maintained at 20°. The results show that the corrugated channel has great impact on HTC and and the increase in height of channel led to rise in the Nu and the . Experimentally, Ali and Ramadhyani [15] performed their investigation to study enhancement of heat transfer through corrugated channels. For both corrugated channels, the experimental study showed that the performance evaluation is superior to the straight channel under design constraints. Hong et al. [16] studied numerically the gas flow at different temperatures, 373 K, 323 K, and 273 K in microchannel having straight rectangular cross-section. They employed the direct simulation Monte Carlo to simulate and compare between 3 and 2-D cases. The results indicated that the additional side-walls for the 3-D cases have great impact on the heat transfer and flow properties compared to the 2-D cases. By implementing the (FVM) and k-turbulence model, the turbulent flow of air in cross corrugated plate of corrugation profile at low Reynolds number has been numerically examined by Zhang and Che [17] . The study tested different types of corrugation profile such as trapezoidal, isosceles triangular, elliptic, rectangular and sinusoidal and their effect on thermal and hydraulic characteristics of flow. The outcomes proved that the heat transfer enhancement was greatly affected by using the corrugated surface where the trapezoidal channel was superior to the elliptic channel by approximately 4 times. Asako et al. [18] examined the heat transfer and pressure drop through a corrugated duct having rounded corners numerically. The parameters adopted in this investigate include three assigned corrugation angles (15°, 30°, and 45°), Pr =0.7 and Re =100-1000. Under identical mass flow rate and pumping power, they indicated that the corrugated duct with round corners has a great impact compared to the plain duct in terms of heat transfer progress.
On the other hand, many researchers have given more attention to study the convective heat transfer of nanofluids in straight channels numerically and experimentally. Mohammed et al. [19] numerically tested the effects of different nanofluids (Al2O3, TiO2, SiO2 and Ag -water) on the thermal and hydraulic characteristics at Reynolds number from 100 to 800. Water and nanoparticles with concentrations of 2%, 5% and 10% were used in the simulation and (FVM) employed to deal with the governing equations. The results obtained exhibited an increase of the thermal performance in a microchannel due to the influence of using nanofluid as a base fluid. Abu-Nada [20] conducted another numerical study in terms of heat transfer over a backward facing step by implementing various kinds of nanofluids. The investigation was carried out across 200 to 600 Reynolds number while the nanoparticles was 0-0.02. They reported that Nu increased with an increased in of nanoparticles and Re. In addition, within recirculation regions, TiO2 having low thermal conductivity leads to further improvement on heat transfer. Laminar flow of Cu/water nanofluid in rectangular duct at Re of 5-1500 has been numerically studied by Santra et al. [21] . The said study revealed that the increase in as well as the flow rate will produce a greater heat transfer rate. Kalteh et al. [22] examined the Cu-water nanofluid effects on the thermal and hydraulic characteristics for a 2-D laminar forced convection flow inside microchannel numerically. They reported that the heat transfer enhancement was greatly affected by using the nanofluid where his rating increased with the increase in Re and , whereas the ∆p increases only slightly.
Recently, Ajeel and Salim [23] examined the impact of nanofluid with aluminum oxide nanoparticles on the heat transfer and in semi-circular corrugated channel numerically. Symmetry configuration for corrugation profile of semicircle has been employed. They reported from the obtained results that adopted geometry of semicircle corrugated profile with nanofluid can contribute to promote the performance of heat transfer devices. In addition, the outcomes of study showed that the increased ratio in Nusselt number was 2.07 at Re= 30000 and volume fraction 6%. Abed et al. [24] examined the impacts of nanofluid as a heat transfer fluid on thermal and hydraulic characteristics in a 2-D corrugated plate having v-shaped numerically. Under uniform heat flux over a range of Re (8000-20000) with copper oxide, zinc oxide, silicon dioxide and aluminum oxide, the study was tested. They reported from the obtained results that adopted geometry of v-shaped with nanofluid can contribute to improving the efficiency of heat transfer devices and make them more compact, which can be inferred from the enhanced Nusselt number results. Ahmed et al. [25] investigated the influence of various types of nanofluid on thermal and hydraulic characteristics through triangularcorrugated channels numerically. Under 2-D turbulent condition over a range of Re (8000-20000) with copper oxide, zinc oxide, silicon dioxide and aluminum oxide nanoparticles, the study was tested. The results revealed the extent to which the effects of triangular corrugated channel and nanofluid on enhancement the thermal -hydraulic performance.
Depending on the mentioned literature, it can be inferred that the forced convective heat transfer in a semicircle zigzag -corrugated channel using nanofluids seems not to have been investigated numerically in the past. In addition, most of the previous studies examined a 2D turbulent convective heat transfer. Accordingly, this lack of knowledge represents the prime motivation behind conducting the current research. Thus, the current study examines turbulent forced convective flow in three-dimensional semicircle-corrugated channels over Reynolds numbers in the range of 10,000≤ Re ≤30,000 under constant heat flux condition and using four kinds of nanofluids. Results of interest including average Nusselt number (Nuav), pressure drop (∆p), Nusselt number enhancement ratio (Nuer), and thermal performance factor (PEC) for turbulent forced convective of nanofluids in a semicircle zigzag -corrugated channel are reported to show the effect of semicircle corrugated channel and nanofluid on these parameters.
GEOMETRICAL MODEL
The 2-dimensional geometry of the semicircle zigzagcorrugated channel is illustrated in Figure 1 . The details of Figure 1 are given as (a) which represents the Geometrical model, (b) represents the semicircle zigzag -corrugated channel, and (c) computational mesh domain.
Generally, the corrugations are placed at the top and bottom walls and the sides of the channel are maintained flat. The flow domain is comprised of three parts; the test section with the corrugations which are heated from the upper and lower surfaces, downstream and upstream sections, with smooth, flat surfaces, which are treated as adiabatic surfaces. The overall length of the channel is 700 mm with the upstream, entrance section with length of 400mm, the test section (corrugated wall = 200mm) and the exit section with length of 100mm. The entrance section is provided to enclose fully developed flow entering the corrugated section while the downstream section (exit section) is provided to prevent reverse flow from affecting the results. The height of channel (H) is 10 mm while the width is (W= 5 ). The pitch of corrugation is (p=1.5H) while the width and height of corrugation are (w=H/2), (h=H/4), respectively. 
Assumptions and governing equations
The governing equations are solved for three-dimensional flow and temperature fields with several assumptions: (i) The flow is steady; (ii) The working fluid mixture is uniform and is incompressible without phase-change; (iii) Constant heat flux condition is considered and the slip was neglected (iv) The Reynolds number is sufficiently high to induce turbulence. This type of flow is represented by the following governing equations [26] .
Continuity equation:
Momentum equation:
Energy equation:
The Reynolds stresses in momentum equation and heat fluxes in energy equation are, respectively, shown below:
The corresponding transport equations in the standard k-ɛ model, which are turbulence kinetic energy and energy dissipation [27] , is given as:
where: 1 = 1.44, 2 = 1.92, = 0.09 , = 1.0 , = 1.3. In order to present the results of numerical solution, some useful parameters can be obtained. The Nuav can be defined as below:
The average heat transfer coefficient as:
where , , , are the average inlet and outlet temperatures of the working fluid while A is the corrugated surface area.
Additionally, the inlet velocity can be obtained based on the required Reynolds number as below:
In the corrugated semicircle zigzag channel, the hydraulic diameter is computed based on cross section area (Across) and the perimeter of wetted (P) as [28] :
The Fanning friction factor as:
The friction factor is defined [28, 29] :
The pressure drop can also be obtained as [28, 29] :
For a better evaluation system, the performance evaluation criterion (PEC) was computed to investigate the thermal performance of the corrugated channel (based on the ratio between the heat transfer enhancements into the increase in friction factor). The thermal performance factor is given by [30]:
Boundary conditions
Computational domains and boundary conditions were applied at the semicircle zigzag-corrugated channel which included velocity inlet condition and temperature of 300℃, pressure outlet condition while slip velocity was ignored. Additionally, there was uniform heat flux on the corrugated walls (q=10 kw/m 2 ) whereas adiabatic condition is applied on the remaining straight walls. The specific thermal conditions for the complex flow and the boundary conditions can be illustrated as below:
i.
At the inlet:
ii.
Outlet boundary: In current study, fully developed for the properties are assumed at the outlet. 
iii. At the wall:
At the inlet, the turbulent kinetic energy ( k in ) and the turbulent dissipation ( ε in ) are approximated from the turbulent intensity I as follows [28] :
where the turbulent intensity (I) is [28] :
=́× 100% (24)
NUMERICAL IMPLEMENTATION AND GRID INDEPENDECE TEST
A numerical simulation for a semicircle zigzagcorrugated channel was performed by employing nanofluid in order to probe the characteristics of heat transfer and flow fluid. The finite volume method is used to solve the governing equations with corresponding boundary conditions by employing the CFD commercial software ANSYS-FLUENT-V16.1. The SIMPLE algorithm is employed to joint of the pressure-velocity system and a 2 nd order upwind scheme was also utilized for the convective terms. The kturbulent model is selected while the diffusion term in the momentum and energy equations is approximated by 2 nd order upwind. By10 -5 of residues for continuity, momentum and turbulence equations and by 10 -10 for energy equation, the solutions are considered converged.
For the purpose of providing a measure of reliability and accuracy of the numerical results, five values of grid size of 2.5,2, 1.5, 1.0 and 0.9 were examined. Therefore, the local Nu and local skin friction coefficient for water flow at the lower corrugated wall of the semicircle zigzag corrugated channel are computed at Re=10000 and various grid size as shown in Figure 2 . Furthermore, the sizes of grid are tested to check the effect of the grid density on the computational results in terms of average Nusselt number as shown in Table  1 . It is detected that the grid size of 413520 can achieve and confirm grid independence solution. 
THERMOPHYSICAL PROPERTIES OF NANOFLUIDS
To execute the simulations, the effective thermophysical properties of nanofluids should be obtained. In this regard, four kinds of nanopowder, namely, Al2O3, CuO, SiO2 and ZnO, were utilized and by applying the mixing theory, the required properties for simulations can be obtained as explained below:
The density [31] :
The effective heat capacity [31] :
In order to compute the (k eff )by using nanoparticles in corrugated channel, the effect of Brownian motion will be taken into consideration by utilizing the empirical correlation below [32] :
where: Boltzmann constant: k = 1.3807*10-23 J/k and Table 2 shows the values of β used in the current study.
Modeling ( 
Equivalent diameter of based molecule: Table 3 illustrates the thermo-physical properties of nanofluids with dp = 20 nm and =0.02.
CODE VALIDATION
For the goal of gaining a better comprehension of the competences, restrictions and validated numerical codes with other previous work, code validation is quite essential procedure in any numerical work. Likewise, lower error values mean higher accuracy of the simulation and preparedness for numerical runs.
First, the outcomes of the present study for straight channel in terms of Nusselt number and friction factor are compared with the empirical correlations of Gnielinski [34] and Petukov [35] , respectively, as displayed in Figure 3a Another code validation, one which depended on the experimental work of Elshafei et al. [13] for turbulent air flow in straight and corrugated channels, was also carried out. The outcomes of comparison display a good agreement in regard to the as shown in Figure. 3c. 
RESELUTS AND DISCUSSION
The influences of utilizing semicircle corrugated channel with zigzag configuration, types of nanofluid, diameter and volume fraction of the particles, Reynolds number on the thermal and hydraulic characteristics as well as flow fields in terms of the Nu av , Nu er , ∆p and PEC have been reported and debated in this section. 1% ≤ φ ≤ 7% 298K ≤ T ≤ 363K Table 3 . Thermo-physical properties of nanofluids with dp = 20 nm and =0.02 
Nanoparticles type effect
Figure. 4 illustrates the velocity and isotherm contours for base fluid and nanofluid flow at nanoparticle diameter of 20 nm, ϕ = 8% and Re = 30000 for the various kinds of nanoparticles. The velocity contours display that the most striking finding was the firmer converse flow zones in the state of silicon dioxide -water nanofluid followed by aluminum oxide, zinc oxide, and copper oxide /water nanofluid and lastly pure water. According to inverse proportionality between density and velocity, the low density of SiO2-water plays a significant role to jack up the velocity rate at the same Re. Therefore, the nanofluid, silicon dioxide-water, has a highest velocity among the other nanofluids that effects to increase the recirculation zones.
On the other hand, the isotherm contours demonstrate the thermal boundary layer thickness for all types of nanofluid. Due to the high values of Prandtl number for SiO2-water nanofluids, the thermal boundary layer thickness in this case is not as much as that for other nanofluids. In addition, the better refinement in the fluid blending in the case of silicon dioxide -water nanofluid is due to the intensity of converse flow regions. This makes nanofluid with silicon dioxide the highest augmentation in terms of heat transfer among other types of nanofluids. Figure. 5A shows the outcomes of the Nuav which are obtained from the simulation of the different nanofluids kinds compared with using pure water as a heat transfer fluid in zigzag configuration of semicircle corrugated channel. The outcomes show that every one of the nanofluids gives larger Nuav values than pure water. Clearly, the pure water has lowest Nuav because of poor thermal conductivity of this fluid, whereas the nanofluid with SiO2 nanoparticles has the highest ratings of Nuav. As a result, the nanofluid with SiO2 nanoparticles is followed by nanofluid with particles of aluminum oxide, zinc oxide, and copper oxide, respectively. High velocity is a major reason for this rise due to the effect of the lowest density which correlates to the increase of the HTC. What is more, the intensity effect of the converse regions is also very important to achieve the trouble that stems from increase in the velocity of SiO2-water nanofluid. The outcomes are in agreement with results of Mohammed et al. [1] .
The pressure drop against Re with nanofluids types is displayed in Figure 5 (B) . It is worth noting that the pure water has a lower rate of pressure drop than pressure drop in all types of nanofluids. One possible reason is the effect of lower density and viscosity of base fluid compared to nanofluid. Similarly, the high velocity makes silicon dioxide -water nanofluid superior to the other types of nanofluid in terms of pressure drop due to increase in the shear stress nearby corrugated walls. Although there was a fall in tandem with increases in Reynolds number in the enhancement ratio for each kind of fluid, the nanofluids type recorded the highest enhancement ratio compared with base fluid. Additionally, the SiO2-water nanofluid was rated best since it achieved the highest enhancement ratio among different kinds of nanofluid followed by aluminum oxide, zinc oxide, and copper oxidewater nanofluids for reasons explained previously. Each type of nanofluid gives higher performance factor compared with base fluid. While it is true that nanofluid with silicon dioxide particles displays the highest magnitude of the ∆ , it recorded the largest enhancement in heat transfer. As a result, with 2.22 at Re=10000 nanofluid with silicon dioxide nanoparticles offered the maximum value of PEC among the other kinds of nanofluids. Figure 6 plotted the velocity and isotherms contours for different solid volume fraction of nanofluid with silicon dioxide nanoparticles at Re=30000 dp =20 nm. The figure gives a decent image of the progress of the flow as well as the converse flow of fluid and increase in recirculation zones due to increase in the . The recirculation zones seemed linked to the highest , and in this way, the irregular motion of nanoparticles will increment and therefore increment the intensity of recirculation zones. This is compatible and consistent with the studies of Ahmed et al. [28] and Mohammed et al. [1] .
Nanoparticles volume fraction effect
The temperature contours demonstrate the effect of corrugated surface alongside with volume fraction on the temperature gradient near the corrugated walls due to enhancement in the working fluid via mixing the converse flow which is in contact with channel walls with the main flow in the center of channel. Additionally, increasing leads to increase the irregular motions of nanoparticles which inferred to enhanced heat transfer and the rates of energy exchange.
The Nuav against Re with various types of volume fractions is displayed in Figure7 (A). As predicted, the Nuav rises in tandem with Re increases, depending on volume fraction. In other words, it is clear there was a significant effect of nanoparticles volume fraction to jack up the Nu rate at a certain Re. Regarding the nanoparticles, the Brownian motion and strong improvement of thermal conductivity could explain the increase of the Nuav. To understand why, we should be first look at the properties of nanofluid, specifically viscosity, where high volume fraction means high viscosity, and the high velocity gradient of mixing at the walls of channel which is associated with the re-circulation flow of corrugated channel. Abed et al. [24] and Mohammed et al. [1] previously found comparable outcomes.
The obtained results of the enhancement in Nu ratio of silicon dioxide -water nanofluid with various volume fractions are elaborated in Figure 7 (C). Although there were falls in tandem with increase in Re in terms of enhancement ratio for all volume fractions of the fluids, the nanofluid types recorded the highest enhancement ratio compared with base fluid. Plainly, the SiO2-water nanofluid with 8% volume fraction offered highest enhancement ratio compared with the others. This is because of the higher thermal conductivity and viscosity for the heat transfer medium, which leads to improve the converse flow near by the corrugated walls. Figure 7 (D) demonstrates the variation of PEC against Re with various solid volume fractions of nanofluid with silicon dioxide nanoparticles. Evidently, the values of PEC of nanofluids at different volume fraction over Reynolds number range were greater than base fluid. This is because thermal performance factor depends on the heat transfer enhancement which can be deduced from enhanced Nu results. Also, the results indicated that PEC fell in tandem with increasing Reynolds number for all types of fluid. In other words, this means the heat gained or heat transfer enhancement is much less than pressure loss. However, nanofluid with silicon dioxide nanoparticles at 8.0% volume fraction gives the best PEC recorded at 2.22 at Re=10000. 
Nanoparticles diameter effect
For a better comprehension of the flow and heat transfer characteristics, the velocity and isotherm contours for various nanoparticle diameter of silicon dioxide at Re=30000 and = 8% are shown in Figure 8 . The figure gives a decent image of the progress of the flow as well as the reverse flow of fluid and increase recirculation zones due to decrease in the diameter of nanoparticles. The recirculation zones seemed linked to the lowest diameter of nanoparticles. As previously stated, the irregular motions of nanoparticles will increment and therefore increment the intensity of recirculation zones. Abed et al. [24] obtained the same result.
From temperature contours, the effect of corrugated surface can be seen alongside with decrease in the diameter of nanoparticles on the temperature gradient near the top and bottom walls due to enhancement of the working fluid via mixing the reserve flow, which is in contact with channel walls with the main flow in the center of channel. Additionally, decrease in nanoparticle diameter leads to increase the irregular motions of nanoparticles, which infer enhanced heat transfer and the rates of energy exchange. SiO2-water nanofluid at volume fraction 8% has been utilized to examine the impact of silicon dioxide diameter on Nuav under nanoparticles diameter range of 20-80nm. As shown in Figure 9 (A), the Nuav rose in tandem with decreasing diameter of nanoparticle and increasing of Re. The major cause of this increase is the strength of Brownian motion that has a great influence on thermal conductivity and enhances it. The other reason is increase in the specific area due to decrease in nanoparticle diameter. Therefore, the thermal conductivity increases not only by Brownian motion, but also by increase in the specific area and this mechanism was adduced in a previous study by Mohammed et al. [1] and Abed et al. [24] . Figure 9 (B) displayed the impact of particle diameter for nanofluid with silicon dioxide nanoparticles on the pressure drop at = 8% and different Reynolds number. As shown, as the diameter of nanoparticle decreases, the ∆p increases due to the rise in viscosity of nanofluids, which is the same result obtained by Abed et al. [24] , in addition to the effect of reverse flow zone, which is smaller in cases of large diameter than small diameter. This implies that the strength of reverse flow will increase and cause more friction between the nanofluid and corrugated walls, leading to increase in the ∆ penalty. Figure 9 (C) illustrated the obtained results of the Nuer of SiO2-water nanofluid with various diameter of nanoparticle in the semicircle zigzag-corrugated channel to that for the base fluid in flat channel. Although there were falls in tandem with increases Reynolds number in the enhancement ratio for all diameter of the nanoparticles, the nanofluid types recorded the highest enhancement ratio compared with base fluid. Due to the influence of higher viscosity and thermal conductivity, the SiO2-water nanofluid with 20 nm diameter offered highest enhancement ratio compared with the others.
Thermal performance factor of semicircle zigzagcorrugated channel at volume fraction 8% and under different range of Reynolds number was accomplished and displayed in Figure 9 (D) . Evidently, the values of PEC of nanofluids at various diameters of nanoparticles over Reynolds number range were greater than pure water. As mentioned earlier, this is because thermal performance factor depends on the heat transfer enhancement which can be deduced from enhanced Nu results. Also, the results indicated that PEC fell in tandem with increasing Re for all types of fluid. In other words, this means the pressure loss is much greater than heat gained or heat transfer enhancement. However, SiO2-water nanofluid with 20 nm diameter gives the best PEC, recorded at 2.22 at Re=10000. Figure 10 illustrated the axial velocity contours for nanofluid with silicon dioxide nanoparticles flow in the test channel at 8% solid volume fraction and dp=20nm for different Re. The re-circulation zones before and after the corrugation for the lower corrugated wall are presented clearly from these contour plots. Generally, for all cases, the recirculation zones between corrugations also affect the local thermal enhancement. In addition, the considerable difference in reverse flow pattern at different Reynolds number is clear.
Effect of different Reynolds number
In addition, an increase in Re leads to decrease the recirculation zone before the corrugation, while the recirculation zone after the corrugation expands. This seems related to the effect of increasing velocity which depends on the Reynolds number. Furthermore, the largest recirculation zone is after the corrugation, which corresponds to the zone with the highest value of local Nusselt number. Figure 11 illustrated the obtained results of the local Nu with x-position for various Re of SiO2-water nanofluid at =8%, dp=20nm in the semicircle zigzag-corrugated channel. Evidently, it can be noted that as the Re rises, the local Nu increases. The nanofluid with higher Re can lead to develop the fluids mixing as well as generation of smaller fluctuation scales which improve the heat transfer and reduce thermal boundary layer thickness. Hence, the Re = 30000 produced the highest heat transfer enhancement over other values of Re.
CONCLUSION
In this paper, turbulent forced convective of nanofluids with nanoparticles of silicon dioxide, aluminum oxide, zinc oxide, and copper oxide flowing in a semicircle zigzagcorrugated channels over Re in the range of 10,000≤ Re ≤30,000 are numerically conducted. Regarding the nanofluid, the impact of different values of nanoparticle volume fractions with ranges of 0-8% and nanoparticle diameters with ranges of 20-80 nm was discussed. The major conclusion of this numerical study is that the utilization of nanofluid in corrugated channels can be offered as an appropriate way to get best thermal performance, which can prompt design plan of heat exchangers and make it more compact. Other conclusions that can be drawn from the current study include:
1) The corrugation profile of semicircle zigzag corrugated channel had a great impact on the thermal performance compared with straight profile.
2) The adopted geometry of semicircle corrugated channel can progress heat transfer enhancement at the rate of 1.5-2.7 times that of straight channel. 3) For all channel shapes, the Nuav and ∆p increases with increasing and Re and decreases with decreasing nanoparticle diameter. 4) The PEC was consistent with the Nuav and ∆p with respect to the effect of , but Re had the opposite effect as PEC decreased when the Re increased. 5) Among the four types of nanopowder which are tested, silicon dioxide -water recorded the best heat transfer enhancement followed by aluminum oxide, zinc oxide, and copper oxide -water nanofluids. 6) Over the range investigated (Re=10000-30000), the zigzag shape of semicircle corrugated channel achieved the maximum PEC of 2.22 at volume fraction 0.08 and Re = 10000. 
